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CURRENT DIGITAL-TO-ANALOG
CONVERTER WITH DISTRIBUTED
RECONSTRUCTION FILTERING

BACKGROUND

Field of the Invention

This 1nvention relates to integrated circuits and more
particularly to integrated circuits including digital-to-analog,
converters.

Description of the Related Art

In general, digital-to-analog converters (DACs) are used
to convert digitally processed signals 1nto analog signals. A
conventional DAC generates an analog output signal having
a wide frequency spectrum with components around mul-
tiples of the frequency of the clock signal used to control the
DAC. High frequency components around multiples of the
frequency of the clock signal can interfere with other signals
and degrade performance of a system including the DAC.
Conventional techniques for suppressing the high frequency
components include interpolating a digital input signal pro-
vided to the DAC or low-pass filtering the analog output
signal generated by the DAC. The additional filtering of the
digital input signal or analog output signal of a DAC
increases area or power consumption of a system including
the DAC and can degrade other system parameters, e.g.,
output impedance, oflset, and linearity. For example, a
passive reconstruction filter that suppresses high frequency
harmonics 1n the analog output signal generated by a DAC
increases the output impedance of the DAC. An active filter
that suppresses the high frequency harmonics in the analog
output signal introduces an offset mto the analog output
signal or increases non-linearity of the system response.
Interpolating the digital input signal provided to the DAC to
suppress high frequency signals increases the DAC update
rate, thus requiring the DAC to operate at a higher frequency
(e.g., requiring a higher frequency clock signal), which
might not be possible 1 some systems. Accordingly,
improved techniques for suppressing high frequency har-
monics in the analog output signal generated by a DAC are
desired.

BRIEF DESCRIPTION OF THE DRAWINGS

The present mvention 1s illustrated by way of example
and 1s not limited by the accompanying figures, 1n which like
references indicate similar elements. Elements 1n the figures
are 1llustrated for simplicity and clarity and have not nec-
essarily been drawn to scale.

FIG. 1 1illustrates a functional block diagram of a DAC.

FIG. 2 illustrates magnitude as a function of frequency of
the analog output signal generated by the DAC of FIG. 1.

FIG. 3 1llustrates a functional block diagram of a recon-
struction {filter coupled to the output of a current DAC.

FIG. 4 illustrates a functional block diagram of a current
DAC with distributed reconstruction filtering consistent
with at least one embodiment of the invention.

FIG. 5 illustrates a circuit diagram of an exemplary DAC
clement for use 1n an embodiment of a current DAC with
distributed reconstruction filtering of FIG. 4 consistent with
at least one embodiment of the invention.

FIG. 6 illustrates waveforms for an output current as a
function of mput voltage for the exemplary DAC element of
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FIG. 7 illustrates waveforms for a differential input volt-
age as a function of time for the exemplary DAC element of
FIG. 5.

FIG. 8 illustrates a wavetorm for the impulse response of
the exemplary DAC element of FIG. 5.

FIG. 9 illustrates a wavetorm of a normalized frequency
response of an exemplary DAC element of a current DAC
with distributed reconstruction filter consistent with at least
one embodiment of the invention.

FIG. 10 illustrates a wavelorm of a clock signal input used
to control the current DAC with distributed reconstruction

filtering of FIG. 4.

FIG. 11 1llustrates a wavetorm of a bit of the digital input
signal used to generate an 1nput to a DAC element of FIG.

5.

FIG. 12 illustrates a wavelorm of a linearly transitioning
voltage provided to the exemplary DAC element of FIG. 5.

FIG. 13 1llustrates a wavelorm of an analog output signal
generated by the exemplary DAC element of FIG. 5.

FIG. 14 illustrates a functional block diagram of a current
DAC with distributed reconstruction filter consistent with at
least one embodiment of the invention.

FIGS. 15 and 16 1llustrate operation of the digital decoder
of the current DAC with distributed reconstruction filter of
FIG. 14 consistent with at least one embodiment of the
invention.

FIG. 17 1llustrates a wavelorm of an analog output signal
generated by the exemplary current DAC with distributed
reconstruction filtering of FIG. 14 for the data sequence of
FIG. 16 consistent with at least one embodiment of the
ivention.

FIG. 18 1llustrates a circuit diagram of an exemplary bias
circuit of the current DAC with distributed reconstruction
filtering of FIG. 14 consistent with at least one embodiment
of the mvention.

FIG. 19 illustrates wavelforms of an exemplary bias circuit
of the current DAC with distributed reconstruction filtering
of FIG. 14 consistent with at least one embodiment of the
invention.

FIG. 20 1llustrates a circuit diagram of an exemplary bias

circuit of the current DAC with distributed reconstruction
filtering of FIG. 14 consistent with at least one embodiment
of the invention.

FIG. 21 illustrates exemplary waveforms of the bias
circuit of FIG. 20 configured for reduced inter-symbol
interference consistent with at least one embodiment of the
invention.

FIG. 22 illustrates exemplary wavetforms of another con-
figuration of the bias circuit of FIG. 20 configured for
reduced inter-symbol interference consistent with at least
one embodiment of the invention.

FIG. 23 illustrates a circuit diagram of an exemplary
second-order DAC element for use 1n the current DAC with
distributed reconstruction filter of FIG. 14 consistent with at
least one embodiment of the invention.

FIG. 24 1illustrates a circuit diagram of an exemplary
first-order DAC element for use 1n the current DAC with
distributed reconstruction filter of FIG. 14 consistent with at
least one embodiment of the invention.

FIG. 25 1llustrates a functional block diagram of a current
DAC with distributed reconstruction filter including mul-
tiple bias circuits consistent with at least one embodiment of
the 1vention.

FIG. 26 illustrates a circuit diagram of an exemplary DAC
clement having an interface responsive to multiple ramp
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signals in the current DAC with distributed reconstruction
filter of FIG. 23 consistent with at least one embodiment of

the 1nvention.

FIG. 27 illustrates waveforms for output current as a
function of time for an exemplary 8-bit current DAC with
distributed reconstruction filtering consistent with at least
one embodiment of the mvention and for an 8-bit current
DAC without distributed reconstruction filtering.

FIG. 28 illustrates frequency response wavelorms for an
exemplary 8-bit current DAC with distributed reconstruc-
tion filtering consistent with at least one embodiment of the
invention and for an 8-bit current DAC without distributed
reconstruction filtering.

The use of the same reference symbols in different draw-
ings indicates similar or 1dentical items.

DETAILED DESCRIPTION

Referring to FIGS. 1 and 2, in an exemplary communi-
cations application, a conventional current DAC converts a
digital input signal into an analog output signal without any
filtering. The spectrum of the analog output signal includes
a desired baseband signal (signal 202) having frequency {,,,
in addition to undesirable 1mages (signals 204, 206, . . .,
216) around multiples of frequency 1.;. of clock signal
DAC_CLK. The magnitudes of these image signals are
defined by the envelope function sm(mxi/1 ., )/ (Txt/1 -7 ).
In some applications, the 1mage signals are large enough to
degrade performance of the system including the DAC and
need suppression. As discussed above, conventional tech-
niques for suppressing the image signals include insertion of
an 1nterpolation filter in front of the DAC and increasing the
frequency of clock signal DAC_CLK. This will change the
envelope function and attenuate the 1mage signals because
the ratio between the frequency of clock signal DAC_CLK
and the baseband signal frequency increases. However, a
higher frequency of clock signal DAC_CLK 1s not always
available and can increase power consumption of the sys-
tem. Another technique for reducing the magnitude of the
images 1s to imnsert an analog reconstruction filter at the
output of the DAC. If the reconstruction filter 1s a passive
filter, then the output impedance of the DAC increases. If the
reconstruction filter 1s an active filter, then the reconstruction
filter adds ofliset and non-linearity to the system.

FIG. 3 illustrates a block diagram of a 3-bit segmented
current DAC. The weight of the contribution to the output
current I, provided by each of the eight DAC elements
304 1s the same and 1s controlled by digital decoder 302.
Summing circuit 306 combines those contributions and
provides the output current of DAC 300 to low-pass filter
308, which generates analog output signal I1,,~ Since
summing the individual currents and low-pass filtering are
both linear functions, the order 1n which these operations are
performed can be changed without changing the overall
transier function. Therefore, the reconstruction filtering can
be performed on each of the mputs to the summing circuit
without substantially affecting the analog output signal.

A current DAC with distributed reconstruction filtering
generates an analog output signal from a digital input code
and limits the bandwidth of the analog output signal to a
maximum Ifrequency of the digital mput signal (e.g., to
reduce noise and interference in target applications). In a
target communications application, the DAC with distrib-
uted reconstruction filtering outputs sinusoidal signals based
on a sequence of samples of digital code DATA. Referring
to FIG. 4, rather than inserting an interpolation filter in the
signal path before the DAC or inserting a reconstruction
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filter 1n the signal path after the DAC, current DAC with
distributed reconstruction filtering 400 attenuates high fre-
quency components of the output current signal during the
digital-to-analog conversion. In at least one embodiment of
current DAC with distributed reconstruction filtering 400,
low-pass filter elements 408 are distributed over and coupled
to corresponding DAC elements 404.

Digital decoder 402 receives digital code DATA synchro-
nously to clock signal DAC_CLK and provides control
signals to each of the eight DAC elements 404. Low-pass
filter elements 408 suppress the high frequency signals in the
currents generated by DAC elements 404 belfore being
combined by summing circuit 406 to generate analog output
signal I,,,~ which has a current level corresponding to the
value of digital code DATA. In at least one embodiment,
summing circuit 406 1s a summing node, although more
complex circuits may be used.

In at least one embodiment of a current DAC with
distributed reconstruction filtering, each DAC element com-
bines the current digital-to-analog conversion and the low-
pass filtering functions. Each DAC element includes an
amplifier (e.g., differential amplifier 500 of FIG. 5) coupled
to a bias circuit that generates a bias signal for the DAC
clement. The combined circuit provides low-pass filtering.
In an exemplary embodiment, the low-pass filtering intro-
duces notches in the frequency response at {.; ., the Ire-
quency of clock signal DAC_CLK, and at harmonics of
f., ., similarly to the sinusoidal step response of the wave-
form 1n FIG. 2. FIG. 6 compares the output of a DAC
clement including differential amplifier 500 to a sinusoidal
response. Wavelorm 502 i1s an 1deal sinewave, wavelorm
504 1s the output current I, -~ and wavetorm 506 illustrates
the error between the 1deal sinewave and the output current
I, By applying a linearly transitioning voltage at the
input of differential amplifier 500 when a DAC eclement
changes state (e.g., from an ofl-state to an on-state), difler-
ential amplifier 500 approximates a sinusoidal output current
in response to changes in state of the DAC element. When
the DAC element does not change state (e.g., stays on or
stays ofl), the input of the differential amplifier receives a
predetermined voltage level (e.g., predetermined voltage
V 5 0r predetermined voltage V ,-.-). In an embodiment, the
filtering has an 1mpulse response that 1s one period of a
raised cosine function with a duration of two periods of
clock signal DAC_CLK, illustrated by differential 1nput
Vin+ and Vin- of FIG. 7 and output current as a function of
time (waveform 516) of FIG. 8. FIG. 9 1llustrates the same
impulse response 1n the frequency domain. The notches of
the filter attenuate the signal, e.g., the first notch suppresses
the signal by over 50 dB at the frequency of clock signal
DAC_CLK and additional notches attenuate the signal fur-
ther at harmonics of the frequency of clock signal DAC_
CLK.

Referring to FIGS. 10-13, 1n at least one embodiment, the
ramp voltage and the differential pair of mput devices
behave like a sinc filter, e.g., function like a sinc” filter at the
output of the DAC. The sinc” filtering introduces notches at
2x1 ~; =, theretore, current DAC with distributed reconstruc-
tion filtering 400 needs to operate two times slower to realize
notches at clock signal DAC_CLK. That 1s, the position of
the notches 1s programmable as a function of the number of
periods of clock signal DAC_CLK and the notches are
realized at multiples of the frequency of clock signal DAC_
CLK 1f the number of periods i1s two. The duration of
linearly transitioning voltage V, ,,,» between a first prede-
termined voltage level (e.g., predetermined voltage level
Vor~) and a second predetermined voltage level (e.g.,




US 11,750,205 Bl

S

predetermined voltage level V,.) 1s equal to a predeter-
mined number of periods (e.g., two periods) of clock signal
DAC_CLK, thereby positioming a notch of the filter at the
frequency of clock signal DAC_CLK. For example, wave-
form 510 1llustrates the transition of a bit of digital code
DATA_from a low signal level to a high signal level
synchronously to an edge of waveform 3508, which corre-
sponds to clock signal DAC_CLK. Waveform 512 illustrates
a corresponding differential voltage V.., at the input of
differential amplifier 500 transitioming from a first predeter-
mined level (e.g., predetermined voltage level V ..) to a
second predetermined level (e.g., predetermined voltage
level V ,,,) with a portion of the mput voltage V.., transi-
tioming linearly over two cycles of clock signal DAC_CLK.
Differential amplifier 500 generates output current I,
having a corresponding waveiform 514.

Referring to FIGS. 14-17, 1n at least one embodiment of
a current DAC with distributed reconstruction filtering,

digital decoder 1202 guarantees that a change in state of a
DAC element (e.g., switches from an ofl-state to an on-state)

1s associated with a linearly transitioning voltage of the input
voltage signal that transitions over two periods of clock

signal DAC_CLK and that a DAC element that has just

changed state (e.g., switched from the off-state to the on-
state at time n) remains 1n the new state (e.g., remains 1n the
on-state) for at least two periods of clock signal DAC_CLK
before changing state again (e.g., before being switched to
the ofl-state again). In at least one embodiment of a current
DAC with distributed reconstruction filtering, digital
decoder 1202 seclects a predetermined voltage level (e.g.,
predetermined voltage V 5., or predetermined voltage V ,-)
as the signal used by a DAC element 1208 when the DAC
clement remains 1n a state after being in the state for the

predetermined number of periods of clock signal DAC_
CLK.

In at least one embodiment, to guarantee that DAC
clements 1208 remain 1n a state for at least two periods of
clock signal DAC_CLK, digital decoder 1202 uses two
pointers to the DAC elements to determine next states of the
DAC elements and generate corresponding control signals to
be provided as an mput to respective DAC elements. In an
embodiment, indications of the state of each of the DAC
clements are stored 1n a register or other storage element 1n
digital decoder 1202. For example, digital decoder 1202

updates pointer P1 based on odd samples of digital code
DATA (e.g., DATA DATA DATA . ) and

Fi+1? FI4+32 Fi+52

updates pointer P2 based on even samples of digital code
DATA (e.g., DATA , DATA DATA . ). When

422 r+4r

pointer P1 1s greater than pointer P2, DAC elements indexed
between pointer P1 and pointer P2 are 1n an on-state (as
indicated by shading in FIGS. 15 and 16) and all other DAC
clements are 1n an ofl-state (as indicated by the absence of
shading 1n FIGS. 15 and 16). Referring to digital decoder
1202 increases pointer P1 1n response to an odd sample
being greater than an immediately prior even sample.
Accordingly, the number of elements between pointer P1
and pointer P2 increases. If the next even sample 1s also
greater than the immediately prior odd sample, then digital
decoder 1202 decreases pointer P2, thereby changing the
state of one or more DAC elements (e.g., turning on one or
more additional DAC elements). When a pointer reaches the
maximum value or the minimum value, digital decoder 1202
causes the pointer to wrap around, thereby implementing
modulo arithmetic. When pointer P2 is greater than pointer
P1 all elements between the pointers are in an ofl-state and
all other elements are 1n an on-state.
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If the digital code DATA corresponds to a signal having
a frequency that 1s at most half the frequency of clock signal
DAC_CLK, the use of pointers P1 and pointer P2 controlled
by digital decoder 1202, as described above, guarantees that
a DAC eclement that has just been switched on 1s not
switched ofl in the next clock cycle. An advantage of digital
decoder 1202 using pointers P1 and pointer P2 to determine
the next states of the DAC elements as described above 1s
that different DAC elements can be used for the same input
value where digital code DATA keeps changing, thus aver-
aging out the eflects of differences between DAC elements
caused by manufacturing mismatch. In at least one embodi-
ment, static values of digital code DATA also use different
DAC elements if digital decoder 1202 adds a random value
to pomter P1 and pointer P2 and keeps the difference
between the pointer values static to generate the same output
level.

In at least one application of a current DAC with distrib-
uted reconstruction filtering, digital code DATA corresponds
to a signal having a frequency that 1s at most 0.25 times the
frequency of clock signal DAC_CLK for digital code DATA
having three bits and a DAC including eight DAC elements
(although other numbers of bits and DAC elements may be
used). Referring to FIGS. 16 and 17, digital code DATA has
a maximum frequency of 0.25 times the frequency of clock
signal DAC_CLK and each DAC element 1s 1n an on-state
or 1n an ofl-state for at least two consecutive periods of clock
signal DAC_CLK. When the nth sample of digital code
DATA (e.g., an even indexed sample 1 a sequence of the
digital codes) equals four, pointer P1 points to the fourth
DAC element and pointer P2 points to the zeroth DAC
clement. All DAC elements between the index values are 1n
an on-state and all other DAC elements are in an oil-state.
When digital code DATA ., (e.g., a next, odd indexed
digital code) equals eight, the next odd sample 1s greater
than the immediately prior even sample and digital decoder
1202 increases pointer P1 by four to determine the next
states of the DAC elements. Accordingly, all DAC elements
between the index to the zeroth element and the index to the
cighth element are 1n an on-state.

When digital code DATA,,+, (e.g., an even indexed
digital code) equals four, the next even sample 1s less than
the immediately prior odd sample and digital decoder 1202
increases pointer P2 by four to determine the next states of
the DAC elements. Accordingly, all DAC elements between
the index to the fourth element and the 1ndex to the eighth
clement are 1 an on-state and all other DAC elements are 1n
an ofl-state. When digital code DATA, ., (e.g., an odd
indexed digital code) equals zero, the next odd sample 1s less
than the immediately prior even sample and digital decoder
1202 decreases pointer P1 by four to determine the next
states of the DAC elements. Pointer P1 equals pointer P2,
and all DAC elements are 1n an off-state. When digital code
DATA  _, (e.g., an even indexed digital code) equals four, the
next even sample 1s greater than the immediately prior odd
sample and digital decoder 1202 decreases pointer P2 by
four to determine the next states of the DAC elements.
Accordingly, all DAC elements between the index to the
zeroth element and the fourth element are 1n an on-state and

all other DAC elements are off. When digital code DATA | .
(e.g., an odd mndexed digital code) equals eight, the next odd
sample 1s greater than the immediately prior even sample
and digital decoder 1202 increases pointer P1 by four to
determine the next states of the DAC elements. Accordingly,
all DAC elements are in an on-state.

An exemplary bias circuit of current DAC with distrib-

uted reconstruction filtering 400 of FIG. 14 1s illustrated in
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FIG. 18. In at least one embodiment, bias circuit 1204
generates predetermined voltage level V ., predetermined
voltage level V -, and transitioning voltage V ,,,» based
on power supply voltage V ,,, power supply voltage V .,
and control signal RAMP+/-. Select circuit 1602 selects
between a sourcing current and a sinking current to provide
transitioning voltage V ,,,» having a polarity according to
control signal V, ,, »+/—. Capacitor C.; ,»z has a size deter-
mined according to the frequency of clock signal DAC_
CLK and the number of clock periods of a target transition-
ing voltage V. ,.,». In at least one embodiment of a current
DAC with distributed reconstruction filtering, the linearly
transitioming voltage can be provided as an input to each
DAC element starting the same change of state at the same
cycle of clock signal DAC_CLK and associated circuitry
need not be duplicated for each DAC element. Select circuit
1602 1n the bias circuit (which in other embodiments may
instead be mnside the DAC element) selects a positive ramp
if elements switch from an ofi-state to an on-state, or a
negative ramp 1f elements switch from on-state to an ofl-
state.

Referring to FIGS. 18 and 19, 1n an embodiment of a bias
circuit that generates only one transitioning voltage signal,
the start voltage of transitioning voltage V ,.,» depends on
the values of digital code DATA. For example, 11 the value
of digital code DATA  1s greater than the value of digital
code DATA_ _,, then the signal level of the analog output
signal needs to increase. Accordingly, transitioning voltage
V. 1 Deeds to start from a low voltage level (e.g., V ,-2).
[T the value of digital code DATA  1s less than the value of
digital code DATA_ _,, then the signal level of the analog
output signal needs to decrease and the transitioming voltage
V. .1 Deeds to start from a high voltage level (e.g., V »).
Since capacitor C; -7 takes time to charge or discharge, an
unwanted delay 1s introduced at the start of the transition
when the output of the ramp 1s the high voltage level and
needs to start at a low voltage level for the next value of the
digital code DATA, as illustrated by wavetorm 1802. In
contrast, 1f the output of the transition i1s the high voltage
level and needs to start at the high voltage level for the next
transition, then no delay 1s introduced at the start of the
transition, as 1llustrated by wavetform 1804. Thus, start of the
transitioming voltage depends on the prior data input and
introduces inter-symbol interference, which leads to distor-
tion at the output of the DAC.

Referring to FIGS. 20-22, rather than selectively gener-
ating the transitioning voltage V ,,,» based on a control
signal, as described above, an embodiment of a bias circuit
separately generates transitioning voltage V ,, ., and tran-
sitioning voltage V ,.,»-, which are out-of-phase with each
other, to reduce inter-symbol interference. Bias circuit 2204
includes select circuit 2210 and select circuit 2212, which
generate transitioming voltage Vi, ,,,», and transitioning
voltage V, ,,.»,, respectively, having a duration of one
period of clock signal DAC_CLK. DAC elements that need
to be switched on are coupled to transitioning voltage
V. . and DAC elements that need to be switched off are
coupled to transitioning voltage V 5 .. .. Alternatively, tran-
sitioning voltage \15 ,,,», and transitioning voltage V 1,
can be used as one differential transitioning voltage signal
and elements that are being switched on have a non-
inverting input terminal and an mverting input terminal that
are coupled to transitioning voltage V, ,,.», and transition-
ing voltage V, ,.,»», respectively, while elements that are
being switched ofl have a non-inverting input terminal and
an 1nverting input terminal that are coupled to transitioning
voltage V, .-, and transitioning voltage V, ,1,»,, respec-
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tively. Since capacitor C, charges while capacitor C, dis-
charges, bias circuit 2204 of FI1G. 20 includes current source
2214 and current sink 2216, which are shared by capacitor
C, and capacitor C,. However, 1n other embodiments, bias
circuit 2204 includes a separate current source and a sepa-
rate current sink for each capacitor.

FIG. 21 illustrates operation of bias circuit 2204 that uses
two phases for charging and discharging in alternate cycles
of clock signal DAC_CLK, thus simplifying the analog
circuit design, but increasing complexity 1 the digital
decoder for selecting the correct phase. The charge and
discharge times of the capacitor i bias circuit 2204 are
equal. FIG. 22 illustrates control of bias circuit 2204 that
discharges a capacitor or charges a capacitor prior to starting
the transition and always provides the same signal for
turning on DAC eclements and provides another signal
dedicated to turning ofl DAC elements. This embodiment
simplifies selection of the phases by the digital decoder. It
the transitioning voltage takes two periods of clock signal
DAC_CLK then the number of transitioning voltage signals
needed increases to four. For example, one or more bias
circuits provide a pair of transitioning voltage signals for
digital code DATA  and another pair of transitioning voltage
signals out of phase with the first pair of transitioning
voltage signals for digital code DATA _,.

Bias circuit 2204 provides bias signals to a DAC element
that selects one of the bias signals for use by the DAC
clement based on control signal CTL, which includes mul-
tiple bits. Select circuit 2306 provides the selected bias
signal for use by a DAC element, ¢.g., as an 1mput to an
amplifier in the DAC element, thereby combining the cur-
rent digital-to-analog conversion and the low-pass filtering
functions. An exemplary second-order DAC element includ-
ing a differential amplifier having transistor 2308 and tran-
sistor 2310 configured as a differential pair of transistors 1s
illustrated 1n FIG. 23. DAC eclement 1208 includes select
circuit 2306 coupled to an 1mnput of the differential amplifier
to form an exemplary second-order circuit. FIG. 24 illus-
trates DAC element 1208 that includes an exemplary first-
order DAC element. Transconductance amplifier 2404 con-
verts a linear mput voltage mto a linear current. Select
circuit 2406 1s mnside DAC element 1208 and selects
between the ofl-voltage 1t the DAC eclement state remains
ofl, the on-voltage 11 the DAC element state remains on, or
a voltage ramp 11 the DAC element changes state as an input
to transconductance amplifier 2404.

In general, a DAC converter with distributed reconstruc-
tion filtering requires an additional pair of transitioming
voltage signals for each period of clock signal DAC_CLK
greater than one of a predetermined number of periods of
clock signal DAC_CLK required for the voltage transition.
In at least one embodiment, the predetermined number of
periods of clock signal DAC_CLK equals two and two bias
circuits are used. The predetermined number of periods
determines the location of zeros introduced into the fre-
quency response of the current DAC by the distributed
reconstruction filtering. FIGS. 25 and 26 illustrate current
DAC with distributed reconstruction filtering 2200 that uses
a transitioning voltage V. ,.,» that transitions over two
periods of clock signal DAC_CLK to introduce zeros at
appropriate locations 1n the frequency response of the cur-
rent DAC with reconstruction filtering. Since the transitions
are smoother and distributed over multiple clock cycles, the
on/oil timing of the DAC elements 1s relaxed. To implement
that transition over two periods of clock signal DAC_CLK
and guarantee that a DAC element does not change state
more frequently than two periods of clock signal DAC-
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_CLK, current DAC with distributed reconstruction filtering,
2200 includes two bias circuits that operate out of phase to
provide appropriate bias signals to DAC elements 2208.

In at least one embodiment, DAC elements 2208 receive
bias signals from bias circuit 2204 and bias circuit 2206,
which operate out of phase with each other. For example,
bias circuit 2204 provides a first transitioning voltage (rising,
or falling) that starts at time n and reaches the predetermined
voltage level at the end of cycle n+l. Bias circuit 2206
provides a second ramp (rising or falling) that 1s out of phase
with the first ramp, starts at time n+1, and reaches the
predetermined voltage level at the end of cycle n+2. Select
circuit 2302 provides transitioning voltage V, ,, -, (rising or
falling), transitioning voltage V., (rising or falling),
predetermined voltage V ., predetermined voltage V ,-~,
predetermined voltage V.., or predetermined voltage
V o7+ as the mput of a differential amplifier according to
control signal CTLn. Note that 1n at least one embodiment,
Vovmi=Yon>=VYon ad Vopp =V opp=Vopr, and a single
bias circuit provides transitioning voltage Vi ,»,»,, transi-
tioning voltage V. ,,,»,, predetermined voltage V ,,, and
predetermined voltage V.- to DAC element 2208, and
select circuit 2302 1s a 4:1 select circuit controlled by a
corresponding control signal ClLn (e.g., a 2-bit control
signal) mnstead of a 6:1 select circuit controlled by a corre-
sponding control signal CTLn (e.g., a 3-bit control signal).

Wavelorm 2502 of FIG. 27 illustrates output current as a
function of time for an exemplary 8-bit current DAC 1nclud-
ing 256 DAC elements without a distributed reconstruction
filtering. Wavetform 2504, which 1s smoother than waveform
2502, 1llustrates the output current as a function of time for
the exemplary 8-bit current DAC including 256 DAC ele-
ments with the distributed reconstruction filtering. Wave-
form 2602 and wavetorm 2604 of FIG. 27 illustrate the
output current as a function of frequency for an exemplary
8-bit current DAC including 256 DAC elements without
distributed reconstruction filtering and for the exemplary
8-bit current DAC 1ncluding 256 DAC elements with dis-
tributed reconstruction filtering, respectively. Wavetorm
2602 1ncludes higher harmonics of clock signal DAC_CLK
while those harmonics are substantially attenuated in wave-
form 2604. Note that the distributed reconstruction filtering
introduces notches at multiple frequencies. The locations of
the notches can be adjusted by changing the slope of the
transition voltage (e.g., by changing the number of cycles of
clock signal DAC_CLK that it takes for a transition of
voltage transitioning voltage V. ,,,» from predetermined
voltage V., to predetermined voltage V .- or predeter-
mined voltage V ... to predetermined voltage V ., as the
case may be).

In at least one embodiment, a method for digital-to-analog
signal conversion with distributed reconstruction filtering
includes receiving a digital code synchronous to a clock
signal having a first frequency. The method includes deter-
mimng next states of a plurality of digital-to-analog current
clements based on the digital code and combining a plurality
of currents to generate an output current. The method
includes generating the plurality of currents, each current of
the plurality of currents being based on a corresponding
control signal of a plurality of control signals. The method
includes generating the plurality of control signals based on
the next states of the plurality of digital-to-analog current
clements. Fach control signal of the plurality of control
signals selects a first predetermined voltage level, a second
predetermined voltage level, or a transitioning voltage level
for use by a corresponding digital-to-analog current element
of the plurality of digital-to-analog current elements. The
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transitioming voltage level linearly transitions from the first
predetermined voltage level to the second predetermined
voltage level over a predetermined number of periods of the
clock signal.

In an embodiment of the method, a frequency response of
the digital-to-analog signal conversion includes a zero at a
second Irequency based on the first frequency and the
predetermined number of periods of the clock signal.

In an embodiment of the method, the predetermined
number of periods of the clock signal equals two and the
zero occurs at a harmonic of the first frequency.

In an embodiment of the method, generating the plurality
of control signals includes generating a control signal of the
plurality of control signals that selects a bias signal that
linearly transitions over the predetermined number of peri-
ods of the clock signal from a first voltage level associated
with a first state of a digital-to-analog current element of the
plurality of digital-to-analog current elements to a second
voltage level associated with a second state of the digital-
to-analog current element in response to a next state of the
digital-to-analog current element being different from a
present state of the digital-to-analog current element.

In an embodiment of the method, generating the plurality
of control signals includes generating a control signal of the
plurality of control signals that selects a voltage level of a
bias signal used by a digital-to-analog current element of the
plurality of digital-to-analog current elements 1n a next state
of the digital-to-analog current element to be the same
voltage level used by the digital-to-analog current element in
a present state of the digital-to-analog current element 1n
response to the next state of the digital-to-analog current
clement being the same as the present state of the digital-
to-analog current element.

In an embodiment of the method, determining the next
states of the plurality of digital-to-analog current elements
includes updating a first pointer 1n response to a first sample
in a sequence of digital samples and updating a second
pointer 1n response to a next sample 1n the sequence of
digital samples. The first pointer corresponds to a first index
to the plurality of digital-to-analog current elements. The
second pointer corresponds to a second 1ndex to the plurality
ol digital-to-analog current elements.

In an embodiment of the method, updating the first pointer
includes increasing the first pointer 1n response to the first
sample being greater than an immediately prior sample 1n
the sequence of digital samples and decreasing the first
pointer 1n response to the first sample being less than the
immediately prior sample. Updating the second pointer
includes increasing the second pointer in response to the
next sample being greater than the first sample and decreas-
ing the second pointer 1n response to the next sample being
less than the first sample.

In an embodiment of the method, determining the next
states of the plurality of digital-to-analog current elements
includes setting a next state for each digital-to-analog cur-
rent element of the plurality of digital-to-analog current
clements indexed below a first value of the first pointer and
above a second value of the second pointer, modulo N, and
resetting the next state for each other digital-to-analog
current element of the plurality of digital-to-analog current
clements. N 1s an integer number of digital-to-analog current

clements in the plurality of digital-to-analog current ele-
ments.

In at least one embodiment, a DAC with distributed
reconstruction filtering 1includes a bias circuit configured to
provide a first predetermined voltage level as a first output
of the bias circuit, a second predetermined voltage level as
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a second output of the bias circuit, or a transitioning voltage
level as a third output of the bias circuit. The transitioning
voltage level linearly transitions from the first predetermined
voltage level to the second predetermined voltage level over
a predetermined number of periods of a clock signal having
a first frequency. The DAC with distributed reconstruction
filtering includes a plurality of digital-to-analog current
clements configured to generate a plurality of currents. Each
current of the plurality of currents 1s generated by a corre-
sponding digital-to-analog current element of the plurality of
digital-to-analog current elements according to a corre-
sponding control signal of a plurality of control signals. The
DAC with distributed reconstruction filtering includes a
combiner circuit configured to combine the plurality of
currents to generate an output current. The DAC with
distributed reconstruction filtering includes a decoder circuit
configured to determine next states of the plurality of
digital-to-analog current elements based on a digital code
received synchronously to the clock signal, and to generate
the plurality of control signals based on the next states of the
plurality of digital-to-analog current elements. Each control
signal of the plurality of control signals selects the first
predetermined voltage level, the second predetermined volt-
age level, or the transitioning voltage level for use by the
corresponding digital-to-analog current element.

In an embodiment of the DAC with distributed recon-
struction filtering, each digital-to-analog current element of
the plurality of digital-to-analog current elements includes a
differential pair of transistors selectively coupled to the first
output of the bias circuit, the second output of the bias
circuit, or the third output of the bias circuit according to the
corresponding control signal of the plurality of control

signals.

In an embodiment of the DAC with distributed recon-
struction filtering, each digital-to-analog current element of
the plurality of digital-to-analog current elements includes
an amplifier and a switch configured to selectively couple an
input of the amplifier to the first output of the bias circuit, the
second output of the bias circuit, or the third output of the
bias circuit according to the corresponding control signal of
the plurality of control signals.

In an embodiment, the DAC with distributed reconstruc-
tion filtering includes an additional instantiation of the bias
circuit for each period greater than one of the predetermined
number of periods of the clock signal.

In an embodiment of the DAC with distributed recon-
struction filtering, a frequency response of the DAC with
distributed reconstruction filtering includes a zero at a
second frequency based on the first frequency and the
predetermined number of periods of the clock signal.

In an embodiment of the DAC with distributed recon-
struction filtering, the predetermined number of periods of
the clock signal equals two and the zero occurs at a harmonic
of the first frequency.

In an embodiment of the DAC with distributed recon-
struction filtering, the decoder circuit 1s configured to gen-
erate a control signal of the plurality of control signals that
selects a bias signal that linearly transitions over the prede-
termined number of periods of the clock signal from a first
voltage level associated with a first state of a digital-to-
analog current element of the plurality of digital-to-analog
current elements to a second voltage level associated with a
second state of the digital-to-analog current element 1in
response to a next state of the digital-to-analog current
clement being different from a present state of the digital-
to-analog current element.
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In an embodiment of the DAC with distributed recon-
struction filtering, the decoder circuit 1s configured to gen-
erate a control signal of the plurality of control signals that
maintains a voltage level of a bias signal used by a digital-
to-analog current element of the plurality of digital-to-
analog current elements in a next state of the digital-to-
analog current element to be the same voltage level used by
the digital-to-analog current element 1n a present state of the
digital-to-analog current element 1n response to the next
state of the digital-to-analog current element being the same
as the present state of the digital-to-analog current element.

In an embodiment of the DAC with distributed recon-
struction filtering, the decoder circuit includes a first pointer
configured to update 1n response to a first sample 1n a
sequence of digital samples and a second pointer configured
to update 1n response to a next sample in the sequence of
digital samples. The first pointer corresponds to a first index
to the plurality of digital-to-analog current elements. The
second pointer corresponds to a second 1ndex to the plurality
ol digital-to-analog current elements.

In an embodiment of the DAC with distributed recon-
struction filtering, the decoder circuit i1s configured to
increase the first pointer in response to the first sample being
greater than an immediately prior sample 1n the sequence of
digital samples, to decrease the first pointer 1n response to
the first sample being less than the immediately prior
sample, to increase the second pointer 1n response to the next
sample being greater than the first sample, and to decrease
the second pointer 1n response to the next sample being less
than the first sample.

In an embodiment of the DAC with distributed recon-
struction filtering, the decoder circuit 1s configured to set a
next state for each digital-to-analog current element of the
plurality of digital-to-analog current elements indexed
below a first value of the first pointer and above a second
value of the second pointer, modulo N, and to reset the next
state for each other digital-to-analog current element of the
plurality of digital-to-analog current elements. Nis an inte-
ger number of digital-to-analog current elements 1n the
plurality of digital-to-analog current elements.

Thus, techniques for converting a sequence of digital
codes 1to corresponding currents using distributed recon-
struction filtering have been disclosed. Although the mmven-
tion 1s described herein with reference to specific embodi-
ments, various modifications and changes can be made
without departing from the scope of the present invention as
set forth 1n the claims below. For example, although specific
numbers and structures of current DAC elements are
described, other numbers and structures of current DAC
clements may be used. In addition, although the current
DAC 1s described DAC elements generating current having
equal weight, 1n other embodiments, the techniques
described herein are adapted to a current DAC with distrib-
uted reconstruction filtering including DAC elements that
provide signals having other weightings (e.g., binary-
weighted). Furthermore, the techniques described herein are
adapted to other architectures of a current DAC with dis-
tributed reconstruction filtering, e.g., a current DAC with
distributed reconstruction filtering including coarse DAC
clements and fine DAC elements. Accordingly, the specifi-
cation and figures are to be regarded 1n an 1llustrative rather
than a restrictive sense, and all such modifications are
intended to be included within the scope of the present
invention. Any benefits, advantages, or solutions to prob-
lems that are described heremn with regard to specific
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embodiments are not intended to be construed as a critical,
required, or essential feature or element of any or all the
claims.

Unless stated otherwise, terms such as “first” and “sec-
ond” are used to arbitrarily distinguish between the elements
such terms describe. Thus, these terms are not necessarily
intended to indicate temporal or other prioritization of such
clements.

What 1s claimed 1s:

1. A method for digital-to-analog signal conversion with
distributed reconstructive filtering, the method comprising:

receiving a digital code synchronous to a clock signal

having a first frequency;

determining next states of a plurality of digital-to-analog

current elements based on the digital code;
combining a plurality of currents to generate an output
current,
generating the plurality of currents, each current of the
plurality of currents being based on a corresponding
control signal of a plurality of control signals; and

generating the plurality of control signals based on the
next states of the plurality of digital-to-analog current
clements, each control signal of the plurality of control
signals selecting a first predetermined voltage level, a
second predetermined voltage level, or a transitioning,
voltage level for use by a corresponding digital-to-
analog current element of the plurality of digital-to-
analog current elements, the transitioning voltage level
linearly transitioning from the first predetermined volt-
age level to the second predetermined voltage level
over a predetermined number of periods of the clock
signal.

2. The method as recited 1n claim 1 wherein a frequency
response of the digital-to-analog signal conversion includes
a zero at a second frequency based on the first frequency and
the predetermined number of periods of the clock signal.

3. The method as recited in claim 2 wherein the prede-
termined number of periods of the clock signal equals two
and the zero occurs at a harmonic of the first frequency.

4. The method as recited 1n claim 1 wherein generating the
plurality of control signals comprises generating a control
signal of the plurality of control signals that selects a bias
signal that linearly transitions over the predetermined num-
ber of periods of the clock signal from a first voltage level
associated with a first state of a digital-to-analog current
clement of the plurality of digital-to-analog current elements
to a second voltage level associated with a second state of
the digital-to-analog current element 1n response to a next
state of the digital-to-analog current element being different
from a present state of the digital-to-analog current element.

5. The method as recited 1n claim 1 wherein generating the
plurality of control signals comprises generating a control
signal of the plurality of control signals that selects a voltage
level of a bias signal used by a digital-to-analog current
clement of the plurality of digital-to-analog current elements
in a next state of the digital-to-analog current element to be
the same voltage level used by the digital-to-analog current
clement 1 a present state of the digital-to-analog current
clement 1n response to the next state of the digital-to-analog
current element being the same as the present state of the
digital-to-analog current element.

6. The method as recited in claim 1 wherein determining
the next states of the plurality of digital-to-analog current
clements comprises:

updating a first pointer in response to a first sample 1n a

sequence ol digital samples, the first pointer corre-
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sponding to a first index to the plurality of digital-to-
analog current elements; and

updating a second pointer 1n response to a next sample 1n
the sequence ol digital samples, the second pointer
corresponding to a second index to the plurality of
digital-to-analog current elements.

7. The method as recited 1n claim 6,

wherein updating the first pointer includes increasing the
first pointer in response to the first sample being greater
than an immediately prior sample 1n the sequence of
digital samples and decreasing the first pointer 1n
response to the first sample being less than the imme-
diately prior sample, and

wherein updating the second pointer includes increasing
the second pointer 1n response to the next sample being
greater than the first sample and decreasing the second
pointer 1n response to the next sample being less than
the first sample.

8. The method as recited 1n claim 6 wherein determining
the next states of the plurality of digital-to-analog current
clements comprises:

setting a next state for each digital-to-analog current
clement of the plurality of digital-to-analog current
clements mndexed below a first value of the first pointer
and above a second value of the second pointer, modulo
N, where N 1s an integer number of digital-to-analog
current elements 1n the plurality of digital-to-analog
current elements; and

resetting the next state for each other digital-to-analog
current element of the plurality of digital-to-analog
current elements.

9. A digital-to-analog converter providing distributed
reconstruction filtering, the digital-to-analog converter com-
prising:

a bias circuit configured to provide a first predetermined
voltage level as a first output of the bias circuit, a
second predetermined voltage level as a second output
of the bias circuit, or a transitioning voltage level as a
third output of the bias circuit, the transitioning voltage
level linearly transitioning from the first predetermined
voltage level to the second predetermined voltage level
over a predetermined number of periods of a clock
signal having a first frequency;

a plurality of digital-to-analog current elements config-
ured to generate a plurality of currents, each current of
the plurality of currents being generated by a corre-
sponding digital-to-analog current element of the plu-
rality of digital-to-analog current elements according to
a corresponding control signal of a plurality of control
signals;

a combiner circuit configured to combine the plurality of
currents to generate an output current; and

a decoder circuit configured to determine next states of
the plurality of digital-to-analog current elements based
on a digital code received synchronously to the clock
signal and to generate the plurality of control signals
based on the next states of the plurality of digital-to-
analog current elements, each control signal of the
plurality of control signals selecting the first predeter-
mined voltage level, the second predetermined voltage
level, or the transitioning voltage level for use by the
corresponding digital-to-analog current element.

10. The digital-to-analog converter with distributed
reconstruction filtering as recited in claim 9 wherein each
digital-to-analog current element of the plurality of digital-
to-analog current elements comprises a differential pair of
transistors selectively coupled to the first output of the bias
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circuit, the second output of the bias circuit, or the third
output of the bias circuit according to the corresponding
control signal of the plurality of control signals.

11. The digital-to-analog converter with distributed recon-
struction filtering as recited in claim 9 wherein each digital-
to-analog current element of the plurality of digital-to-
analog current elements comprises:

an amplifier; and

a switch configured to selectively couple an input of the

amplifier to the first output of the bias circuit, the
second output of the bias circuit, or the third output of
the bias circuit according to the corresponding control
signal of the plurality of control signals.

12. The digital-to-analog converter with distributed
reconstruction filtering as recited in claim 9 further com-
prising:

an additional instantiation of the bias circuit for each

period greater than one of the predetermined number of
periods of the clock signal.

13. The digital-to-analog converter with distributed
reconstruction filtering as recited m claim 9 wherein a
frequency response of the digital-to-analog converter with
distributed reconstruction filtering includes a zero at a
second frequency based on the first frequency and the
predetermined number of periods of the clock signal.

14. The digital-to-analog converter with distributed
reconstruction filtering as recited in claim 13 wherein the
predetermined number of periods of the clock signal equals
two and the zero occurs at a harmonic of the first frequency.

15. The digital-to-analog converter with distributed
reconstruction filtering as recited in claim 9 wherein the
decoder circuit 1s configured to generate a control signal of
the plurality of control signals that selects a bias signal that
linearly transitions over the predetermined number of peri-
ods of the clock signal from a first voltage level associated
with a first state of a digital-to-analog current element of the
plurality of digital-to-analog current elements to a second
voltage level associated with a second state of the digital-
to-analog current element in response to a next state of the
digital-to-analog current element being different from a
present state of the digital-to-analog current element.

16. The digital-to-analog converter with distributed
reconstruction filtering as recited in claim 9 wherein the
decoder circuit 1s configured to generate a control signal of
the plurality of control signals that maintains a voltage level
ol a bias signal used by a digital-to-analog current element
of the plurality of digital-to-analog current elements 1n a
next state of the digital-to-analog current element to be the
same voltage level used by the digital-to-analog current
clement 1 a present state of the digital-to-analog current
clement 1n response to the next state of the digital-to-analog
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current element being the same as the present state of the
digital-to-analog current element.

17. The digital-to-analog converter with distributed
reconstruction filtering as recited in claim 9 wherein the
decoder circuit comprises:

a first pointer configured to update in response to a first
sample 1n a sequence of digital samples, the first pointer
corresponding to a first index to the plurality of digital-
to-analog current elements; and

a second pointer configured to update 1n response to a next
sample 1n the sequence of digital samples, the second
pointer corresponding to a second mdex to the plurality
of digital-to-analog current elements.

18. The digital-to-analog converter with distributed
reconstruction filtering as recited in claim 17 wherein the
decoder circuit 1s configured to increase the first pointer 1n
response to the first sample being greater than an 1mmedi-
ately prior sample 1n the sequence of digital samples and
decrease the first pointer 1n response to the first sample being
less than the immediately prior sample, increase the second
pointer in response to the next sample being greater than the
first sample, and decrease the second pointer 1n response to
the next sample being less than the first sample.

19. The digital-to-analog converter with distributed
reconstruction filtering as recited in claim 17 wherein the
decoder circuit 1s configured to set a next state for each
digital-to-analog current element of the plurality of digital-
to-analog current elements indexed below a first value of the
first pointer and above a second value of the second pointer,
modulo N, where N 1s an integer number of digital-to-analog
current elements 1n the plurality of digital-to-analog current
clements, and to reset the next state for each other digital-
to-analog current element ol the plurality of digital-to-
analog current elements.

20. An apparatus comprising:

means for generating an output current using a plurality of
currents, each current of the plurality of currents being
generated based on a corresponding control signal of a
plurality of control signals; and

means for generating the plurality of control signals, each
control signal of the plurality of control signals select-
ing a first predetermined voltage level, a second pre-
determined voltage level, or a transitioning voltage
level for use by the means for generating the output
current, the transitioning voltage level linearly transi-
tioning from the first predetermined voltage level to the
second predetermined voltage level over a predeter-
mined number of periods of a clock signal, thereby
suppressing high frequency signal components in the
output current.
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